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Abstract 
Influence of residual stresses on mixed mode Stress Intensity Factor (SIF) of dissimilar (steel and aluminium) butt welded joint is 
investigated numerically. Opposite cracks with various crack depth ratio, crack aspect ratio and heat fluxes were considered. The 
geometry correction factor was calculated by considering the effect of mode-II and mode-III fracture. For short cracks [(a/d) = 
0.1] as the residual stress increases, SIF for steel decreases and increases for aluminium at crack surface region [(P/P0) = ±1]. 
When the crack depth ratio increases, SIF for both materials decreases along the crack front due to relieving of stresses at higher 
depths [(a/d) = 0.4]. Non uniform crack opening was observed along the crack front and in between the front side and back side 
cracks.  
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1.0 Introduction 
 Dissimilar welded joints play an important role in structural members used in automobile, shipping 
industry and aircraft industry. It is widely used to weld parent materials of various compositions and different 
material properties are observed at the Heat Affected Zone (HAZ). Residual stresses are developed in the weldment 
due to difference in thermal expansion coefficient and non-uniform temperature distribution along the parent 
materials. Depending on the weld arc current, the residual stresses induced in the HAZ can be controlled. Generally 
these locked in stresses interact with structural defects like cracks and result in supporting or suppressing their effect 
depending on the geometry, size and position of these defects. Generally weld cracks initiate at the HAZ due to 
various reasons such as, improper welding technique, varying weld speed, presence of susceptible microstructure, 
presence of hydrogen  in the microstructure, service temperature, environment and high restraint etc. The structural 
integrity of dissimilar welded joint with multiple transverse cracks depends upon the magnitude of the residual 
stresses and the severity of the stresses along the crack front. These crack tip stresses are defined by Stress Intensity 
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Factor (SIF).The geometry correction factor (Y=K/ı¥ʌa) which is used in SIF calculations depends on the crack 
depth ratio (a/t), crack aspect ratio (a/c) and points considered along the crack front (P/P0) as shown in Fig.1. Many 
researchers have made an attempt by experimental and numerical methods to determine the residual stresses. Anawa 
and Olabi[1] used the Taguchi’s design of experiments methodology to determine the effect of welding speed, laser 
power on weld residual stress development and observed that, increasing the weld speed reduces the residual stress 
significantly. Steuwer et al. [2] studied the distribution of residual stress in dissimilar friction stir welded plates and 
suggested a higher rotational speed of the tool to reduce the peak stress development. 
 
Fig.1. Weld crack nomenclature 
 
a-crack length (mm) 
c-semi major axis of the ellipse (mm) 
P,P0 – points along the crack front 
(a/t) crack depth ratio 
(a/c) crack aspect ratio 
P/P0 – location ratio 
Lee and Chang [3] investigated the effect of weld induced defects on the structural behaviour of cylindrical steel 
members using Finite Element Analysis (FEA). Non-axisymmetric buckling was observed near the imperfection 
regions due to non-symmetric residual stress distribution. The authors noted a strong influence of weld residual 
stress on flexural behaviour of weldments.  Labeas [4] determined the weld residual stresses for a laser beam welded 
T-joints subjected to cracks and calculated the Mode-I SIF using FEA with various crack shapes. The effect of mode 
II and mode III fracture has been neglected. The damage tolerance methodology was adopted to determine the 
residual life of the joint. Wang et al. [5] calculated the mechanical properties of dissimilar metal welded joints at the 
weld region using miniaturized specimens. Important variation of local mechanical properties was observed at the 
interface region between the materials due to complex microstructure at the interface which is caused by the heat 
flow and element migration during welding process. Lee and Chung [6] carried out a numerical elastic-plastic 3D 
analysis to characterize the weld residual stresses on similar and dissimilar weldments. It is observed that the 
difference between the longitudinal residual stresses in welds of the dissimilar steel weldments increases with yield 
strength of the parent materials. Lee and Chung [7] obtained the residual stress distribution in a dissimilar steel 
welds for structural integrity assessment of joints. Non symmetric temperature and residual stress distribution was 
observed due to difference in thermal properties of the base materials. Significant influence of strain hardening 
coefficient on residual stress distribution was noted. Collini et al. [8] developed a methodology to determine the 
structural integrity assessment of dissimilar welded joints and Labeas and Diamantakos [9] determined the influence 
of residual stresses on SIF of an inclined crack. The methodology is limited to single crack located in a plate. Wu 
[10] investigated the effect of residual stress and stress relief on brittle fracture surface crack and suggested a post 
heat treatment of joints to remove the residual stresses. Many researchers have studied the effect of weld residual 
stress on fracture parameters for a single crack in joint. Available SIF solutions are limited to single crack subjected 
to mode I loading conditions and the influence of mode II and mode III has been neglected. The main objectives of 
the present work are, 
1. To investigate the effect of weld residual stress on mixed mode SIF 
2. Determination of influence of individual fracture modes on SIF  
3. Understanding the effect of crack depth (a/t) and aspect ratios (a/c) on mixed mode SIF 
 In the present work attempt has been made to determine the effect of weld residual stress on cracked 
dissimilar welded joints. Stainless steel and aluminium was considered as parent materials. Crack depth ratio 
ranging between 0.1 and 0.4, crack aspect ratio of 1.0 has been considered. Different heat fluxes were considered at 
the weld region as the residual stresses can be controlled with heat flux. 
236   S. Suresh Kumar et al. /  Procedia Engineering  86 ( 2014 )  234 – 241 
2.0 Description of the Finite Element Model  
 SIF for opposite cracks in a dissimilar welded joint is estimated using ABAQUS finite element software. A 
3-D FE model of the dissimilar welded plates of size 100 x 50 x 5 with different parent materials (Steel and 
Aluminium) was considered (Fig. 2a). Multiple straight opposite surface cracks are introduced at the weld region in 
such a way that, crack plane is normal to the loading direction to facilitate mode I fracture. Mixed mode fracture is 
introduced in the joint due to uneven crack opening and residual stresses. The parent materials are butt welded with 
different possible heat fluxes. Conjugate heat transfer analysis was carried out to determine the residual stresses 
induced over the dissimilar plates. Far field tensile load was applied to the joint to determine SIF along the crack 
front. Table 1 describes the mechanical properties considered for the parent materials. 
Table.1 –Mechanical properties of base metals 
 Material Young’s modulus 
(GPa) 
Poisson’s ratio Yield strength (MPa) 
Plate-I Stainless Steel (AISI 304) 200 0.29 215 
Plate-II Aluminium (AA1050) 71 0.33 103 
Table.2 –Thermal properties of base metals 
 Melting point (0C) Density (kg/m3) Thermal conductivity 
(W/m-K) 
Thermal expansion 
coefficient 
Plate-I 1490 8000 16.2 17.2 E-6 
Plate-II 660 2705 227 24 E-6 
2.2 Crack Modeling on Dissimilar Welded Joint 
 Meshed 3-D model of the welded joint is shown in Fig. 2a. Two surface cracks were introduced at the 
center of the weld region opposite to each other. The region around the crack front was partitioned from the welded 
joint to apply fine mesh around it. Semi minor and major axis ‘a’ and ‘c’ correspond to the crack depth and 
transverse length of the crack.  
 
 
(a) 
 
(b) 
Fig. 2 FE model of dissimilar welded plate 
 
 
Weld region 
Crack region 
Heat flux region 
Thermal boundary 
conditions 
Structural 
boundary 
conditions
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 To simulate the theoretical inverse square root singularity of stresses and strains near the crack front region, 
singular elements were arranged around the crack front. If all the midface nodes of the brick elements are moved to 
their quarter points closest to the crack line, the variations in the local stress and strain fields can be reduced. Due to 
3-D nature of the crack advancement, crack propagation direction cannot be predicted and hence ‘crack plane 
normal’ approach was used to define the crack propagation direction.  
 
2.3 Estimation of Mixed Mode SIF 
 
 When the dissimilar welded joint is mechanically loaded, the cracks may simultaneously open and slide 
relative to each other. The mixed mode fracture is formed in a joint due to complex loading condition or crack 
location. When the load reaches a critical value, the crack starts to grow and usually kinks into a new direction. The 
different modes of fracture for a growing crack are mode-I, mode-II and mode-III. In mode-I fracture the crack 
surfaces separate directly apart from each other and therefore it is designated as opening mode fracture. Mode II 
fracture causes the crack surfaces to slide over one another perpendicular to the leading edge of the crack and 
designated as edge sliding mode. In mode-III fracture the crack surfaces slide with respect to each other parallel to 
the leading edge of the crack and therefore designated as tearing mode.  
In the present work, mixed mode SIF is calculated for opposite cracks located in a welded joint using FEM. 
Transverse cracks are introduced at the centerline of the weld region opposite to each other. The cracks in the 
welded joint experience mixed mode fracture due to the formation of non-uniform residual stresses during cooling 
process. Far field tensile load is applied to the joint which causes the cracks to open and SIF values are calculated 
along the crack front. Currently the geometric correction factor (Y) is calculated from mixed mode fracture which 
includes the additional effect of mode II and mode III fracture. The mixed mode SIF is calculated from the 
following relation. 
   ୫୧୶ଶ = KI2 + KII2 + 
୏౅౅౅మ
ଵି஝       (1) 
Where   KI, KII, KIII are mode I, mode II and mode III stress intensity factors, 
The geometry correction factor (Y) under mixed mode condition is determined from the following equation. 
Kmix = Yı ¥ʌa and  
 
  ൌ ୏ౣ౟౮஢ξ஠ୟ       (2) 
Where Y- geometry correction factor 
  a - crack length (mm)  
 ı -far field stress (MPa)    
The fatigue crack growth rate and residual life of the joint can be calculated from Paris equation 
3.0 Result and Discussion 
 The present work brings out the influence of residual stress on SIF of dissimilar welded joint subjected to 
far field loading. Cracked welded joint with different crack depth ratios (a/t) and aspect ratios (a/c) were modeled 
and analysed. Multiple crack SIF was compared under normal and residual stressed condition. Normalized 
coordinate system was used to represent the points along the crack front. (P/P0) = 0 refers to the middle region of the 
crack front and (P/P0) = ±1 refers the left and right side edge of the crack front. 
3.1 Effect of Weld Residual Stress on Short Crack [(a/t) = 0.1] SIF 
 Figure 3 shows the effect of residual stress on SIF of multiple short cracks in a butt welded joint under 
residual stressed condition. The residual stresses are measured as a function of heat flux. When the heat flux 
increases, mixed mode SIF reduces significantly at the steel region whereas, SIF values increases with heat flux for 
aluminium material (Fig. 3a). The transition occurs at the middle region of the weld. This is due to difference in 
thermal expansion coefficient of the steel and aluminium plates which caused non uniform temperature distribution. 
Non symmetric distribution of SIF was observed along the crack front due to non-symmetric residual stress 
formation. For the same amount of heat flux applied at the weld region, melting temperature of steel is higher than 
aluminium which caused uneven crack opening of the transverse cracks when far field tensile load is applied. 
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SIF of short cracks [(a/t) = 0.1] located at the front and back side of the plate is compared and shows an 
important variation in its distribution as shown in Fig. 3b. SIF values are higher for the back side crack compared to 
front side. This is primarily due to non-uniform temperature and residual stress distribution along the plate thickness 
from the top surface where the heat flux is applied. 
 
(a) (b) 
Fig.3 Effect of residual stress on SIF – short racks [(a/t) = 0.1)] 
3.2 Effect of Weld Residual Stress on Individual Fracture Modes  
 The influence of individual fracture modes (mode I, II and III) on SIF of cracks in a dissimilar welded joint 
subjected to various heat fluxes and far field tensile loading is presented in Fig. 4. For lower heat flux values, the 
dominant mode of failure is mode-I for both steel and aluminium plates and the influence decreases with increase of 
heat flux (Fig. 4a). This is essentially due to the presence of residual stress which had altered the mode of failure of 
the cracked joint. The magnitude of residual stress increases with heat flux. Similar trend was observed for mode-II 
and mode-III failure (Fig. 4b and 4c). Available literature studies [4, 7] neglected the effect of mode-II and mode-III 
fracture during SIF determination whereas, the present results suggest that, when the applied heat flux is higher at 
the weld region, the effect of additional modes cannot be neglected. Non symmetric distribution of mode II and 
mode III SIF is mainly due to non-uniform opening of the surface cracks. Then on uniformity is caused by the 
residual stress which might have prevented the crack front region to open. It is observed that, residual stresses are 
higher for the steel plate compared to aluminium plate. The higher compressive residual stress at the steel plate 
region controls the cracks to open. 
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(a) 
 
(b) 
 
 
(c) 
Fig.4 Effect of residual stresses on mode-II and mode III fracture – short cracks [(a/t) = 0.1)] 
3.3 Effect of Weld Residual Stress on Deep Crack [(A/T) = 0.4] SIF 
 Figure 5 shows the influence of residual stress on SIF of deep cracks in a butt welded plates. In contrast to 
short cracks, SIF of deep cracks decreases from crack surface region (P/P0 = ±1) and increases towards center of the 
weld region (P/P0 = 0). It may be due to reduction of residual stress with increasing crack depth ratio (a/t). At higher 
crack depths, the residual stresses might have relieved from the weld plate. SIF values of deep crack are observed to 
be lower than short cracks. It may be due to gradual relieving of residual stresses when the shape of the crack 
increases. 
Variation of long crack [(a/t) = 0.4] SIF at the front and back side of the plate is shown in Fig. 5b. At the 
middle region (P/P0 = 0), back side crack SIF values are less than the front side whereas at the surface region (P/P0 = 
±1) SIF values are higher for rear side crack. Thus one can observe a non-uniform distribution of heat and residual 
stress along the thickness of the plate. This is mainly attributed with different thermal expansion coefficient and 
temperature distribution along the thickness of the plate. 
ǦͳǤͷ
ǦͳǤͲ
ǦͲǤͷ
ͲǤͲ
ͲǤͷ
ͳǤͲ
ͳǤͷ
ǦͳǤͷ Ǧͳ ǦͲǤͷ Ͳ ͲǤͷ ͳ ͳǤͷ
 
Ȁ



ȋȀȌαͲǤͳǦ 
αͳǤͷ
αͳǤ͹ͷ
αʹ
αʹǤʹͷ
ǦͳǤͲ
ǦͲǤͷ
ͲǤͲ
ͲǤͷ
ͳǤͲ
ǦͳǤͷ Ǧͳ ǦͲǤͷ Ͳ ͲǤͷ ͳ ͳǤͷ
 
Ȁ



ȋȀȌαͲǤͳǦ 
αͳǤͷ
αͳǤ͹ͷ
αʹ
αʹǤʹͷ
ǦͲǤͺ
ǦͲǤ͹
ǦͲǤ͸
ǦͲǤͷ
ǦͲǤͶ
ǦͲǤ͵
ǦͲǤʹ
ǦͲǤͳ
ͲǤͲ
ǦͳǤͷ Ǧͳ ǦͲǤͷ Ͳ ͲǤͷ ͳ ͳǤͷ
 
Ȁ
 


ȋȀȌαͲǤͳǦ 
αͳǤͷ
αͳǤ͹ͷ
αʹ
αʹǤʹͷ
240   S. Suresh Kumar et al. /  Procedia Engineering  86 ( 2014 )  234 – 241 
 
(a) 
 
(b) 
Fig.5 Effect of residual stress on SIF – deep cracks [(a/t) = 0.4)] 
 
Figure 6 shows the distribution of mode II and mode III SIF for deep cracks with different heat fluxes. Non 
symmetric SIF values were noted similar to the short cracks. In contrast to the short cracks, the influence of mode III 
SIF is higher for deep cracks (Fig. 6c) 
 
   
(a) 
 
(b) 
 
(c) 
Fig. 6 Effect of residual stresses on mode-II and mode III fracture – deep cracks [(a/t) = 0.4)] 
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4.0 Conclusions 
 Mixed mode SIF of multiple cracks in a butt welded joint has been estimated numerically for various heat 
fluxes and the following conclusions are obtained. 
1. Non symmetric SIF was observed for short and long cracks due to non-symmetric residual stress 
distribution which is caused by uneven temperature distribution due to different thermal expansion 
coefficients of parent materials. 
2. Compared to short cracks, mode I SIF for long cracks are lower due to gradual relieving of residual stresses 
as the crack depth ratio increases. 
3. Mode II and mode III SIF cannot be neglected while calculating the correction factor for short cracks as 
their influence is significant. 
4. As the residual stress increases, SIF for short cracks reduces considerably. It may be due to higher 
compressive stress which might have formed during the welding process. A crossover in SIF values was 
noted at the weld middle region 
5. At the middle region, SIF values of front face crack are higher than back side crack whereas at the surface 
region rear side crack SIF are higher. This is mainly due to uneven crack opening which is caused by 
residual stresses. 
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